Ten new oxo-stabilised phosphonium ylides containing substituted thiophene groups, as well as two deuterium-labelled analogues, are prepared and fully characterised. Upon flash vacuum pyrolysis at 800 °C, the simpler examples undergo extrusion of Ph 3 PO coupled with domino cyclisation to give thieno[3,2-b]furan and thieno [3,4-b]furan products but the corresponding approach to a thieno[2,3-b]furan fails. One ylide designed to give a thieno [3,4-b]furan instead gives phenylbutadiyne and 2-phenyl-3-vinylthiophene at 725 °C and the mechanism of this unusual process is elucidated by deuterium labelling. Attempts to access more complex heterocyclic products from extended methoxythienyl ylides failed. Two ylides bearing a 3-methyl-2-thienylacryloyl group gave 5-benzylbenzothiophene, 5-(α-methylbenzyl)benzothiophene and fluoreno [3,4-b]thiophene upon FVP at 800 °C and the mechanism was again elucidated by deuterium labelling.
1
Introduction Flash vacuum pyrolysis (FVP) is now well established as an important method, both for generation of reactive intermediates and preparation of stable products [1] . As a synthetic method it has had a particular impact in the area of heterocyclic chemistry, allowing convenient formation of many otherwise inaccessible products in high yield [2] . For some years we have made a detailed study of oxo-stabilised phosphonium ylides as suitable precursors for synthesis of fused ring heterocycles by FVP in a process involving thermal extrusion of Ph 3 PO to form an alkyne, simultaneous radical generation, and then a sequence of domino cyclisation processes leading to tri-, tetraand pentacyclic fused ring aromatic heterocycles. Recent examples showing the versatility of the method include pyrolysis of nearly 40 compounds of structure 1 to give the corresponding products 2 (Scheme 1) including representatives of 24 different heterocyclic ring systems [3] , cascade processes of up to eight steps [4] , and introduction of nitrogen, either by starting from pyridine-containing ylides 3 which react to afford 4 [5] , or by using a nitrogen-based cyclising radical which unexpectedly leads to both five-and six-membered ring heterocycles as illustrated by pyrolysis of ylide 5 to give both the quinoline 6 and the furocarbazole natural product Eustifoline D 7 [6] [7] [8] . In terms of the mechanism of these processes, this is illustrated for the case of a generalised ylide in Scheme 2 and is supported by the results of isotopic labelling [9] . Scheme 1. Previous syntheses of fused ring heterocycles by oxo ylide pyrolysis Scheme 2. Typical mechanism for generation of a tetracyclic product
In this paper we report the synthesis and FVP behaviour of a range of thiophene-containing oxo-stabilised ylides. In view of the success in replacing the starting benzene ring of 1 with pyridine in 3, we were interested to see whether the thermodynamically stable thiophene ring could also be used and thus we examined a range of methoxythienyl ylides as a potential route to fused ring thiophene products. The expected thienofurans are relatively inaccessible heterocycles [10] and typical routes to thieno [3,2-b] furans [11] [12] [13] [14] and thieno [3,4-b] furans [14] [15] [16] often involve several steps and require certain groups to be present. We have also recently encountered unexpected rearrangements of thiophenes under FVP conditions [17] , and we include here also an account of further unexpected thermal processes involving oxo ylides containing a methylthienyl group. 
Experimental

2.1
General Melting points were recorded on a Reichert hot-stage microscope and are uncorrected. Infra-red spectra were recorded as Nujol mulls for solids and as thin films for liquids on a Perkin Elmer 1710 instrument. NMR spectra were obtained for 1 H at 200 or 300 MHz, for 13 C at 50 or 75 MHz and for 31 P at 121 MHz all using Varian Gemini instruments. 2 H NMR spectra were run at 46 MHz in CHCl 3 . All other spectra were run on solutions in CDCl 3 with internal Me 4 Si as reference for 1 H and 13 C and external H 3 PO 4 for 31 P. Chemical shifts are reported in ppm to high frequency of the reference and coupling constants J are in Hz. Mass spectra were obtained on an A. E. I. Kratos MS-50 spectrometer using electron impact at 70 eV. GCMS was carried out using a Hewlett Packard 5890A coupled to a Finnigan-Incos 50 mass spectrometer. Elemental analysis was carried out on a Carlo-Erba 1106 elemental analyser.
Flash vacuum pyrolysis (FVP) was carried out as previously reported [18] in a conventional flow system by subliming the starting material through a horizontal quartz tube (30 × 2.5 cm) externally heated by a tube furnace to 700-800 °C and maintained at a pressure of 2-9 × 10 -2 torr by a rotary vacuum pump. The contact time in the hot zone under these conditions is estimated to be ~10 -2 s. The apparatus used is illustrated and a detailed experimental procedure is given in a recent publication [19] . Products were collected in a liquid N 2 cooled U-shaped trap and purified as noted.
Preparation of Simple Methoxythienyl Ylides
4-Methoxy-3-thenoyl chloride
This was prepared by heating a mixture of 4-methoxythiophene-3-carboxylic acid [20] 
[(4-Trideuteriomethoxy-3-thenoyl)benzylidene]triphenylphosphorane 11
This was prepared as in 2.2.3 using benzyltriphenylphosphonium chloride (0.78 g, 2 mmol), butyllithium in hexanes (0.8 cm 3 , 2.5 M, 2 mmol) and 4-trideuteriomethoxy-3-thenoyl chloride (0.18 g, 1 mmol) to give a pale yellow oil which was triturated with diethyl ether to give pale yellow needles which were recrystallised from ethyl acetate to give the product (0.3 g, 61%) as very pale yellow crystals, mp 163. 5 
2.3
Pyrolysis of Simple Methoxythienyl Ylides
FVP of [(3-methoxy-2-thenoyl)benzylidene]triphenylphosphorane 8
FVP of the title compound (1.10 g) at 800 ºC and 3.0-5.0 × 10 -2 Torr gave a brown oily solid at the furnace exit. Column chromatography of this using diethyl etherhexane (1:9) as eluant to give a brown oil which solidified with time. This was then distilled at 160 ºC/0.01 Torr to give a clear yellow oil which solidified on cooling. This was recrystallised from ethanol to give the product, 2-phenylthieno [3,2- 
FVP of [(3-methoxy-2-thenoyl)-1-propylidene]triphenylphosphorane 9
FVP of the title compound (0.64 g) at 800 ºC and 3.0-5.0 × 10 -2 Torr gave a brown oily solid at the furnace exit. Column chromatography of this using diethyl etherhexane (1:9) as eluant to give a pale brown oil, (0.10 g) which was found by 1 H NMR, 13 C NMR and GCMS to be a moderately complex mixture of products including triphenylphosphine and benzothiophene indicating some carbon skeleton fragmentation. However, two of the expected products were seen: (11), 45 18) and 39 (19).
FVP of [(4-methoxy-3-thenoyl)-1-propylidene]triphenylphosphorane 12
FVP of the title compound (0.5 g) at 800 ºC and 5.0-9.0 × 10 -2 Torr gave an oily brown solid at the furnace exit. Column chromatography of this using diethyl etherhexane (1:9) as eluant gave a yellow oil which was kugelrohr distilled to give the product, 2-vinylthieno [3,4- [24] This was prepared as in 2.4.1 using methyl 4-methoxythiophene-3-carboxylate [20] (0.40 g, 2.3 mmol) and lithium aluminium hydride (0.10 g, 2.6 mmol) to give the product (0.3 g, 91%) as a clear, colourless oil, bp (oven temp.) 70 ºC at 0. 
FVP of [(4-methoxy-3-thenoyl)benzylidene]triphenylphosphorane
4-Methoxy-3-thiophenemethanol 27
(4-Methoxy-3-thienylmethyl)triphenylphosphonium chloride 28
This was prepared as in 2.4.2 using 4-methoxy-3-thiophenemethanol 27 (3. 
[(3-Methoxy-2-thienyl)(3-phenylpropenoyl)methylene]triphenylphosphorane 25
A suspension of (3-methoxy-2-thienylmethyl)triphenylphosphonium chloride 24 (5.0 g, 11.8 mmol) in dry THF (50 cm 3 ) was stirred under N 2 while a solution of butyllithium in hexanes (4.7 cm 3 , 2.5 M, 11.8 mmol) was added. The resulting deep red solution was stirred for a further 2 h before adding a solution of 3-phenylpropenoyl chloride (0.98 g, 5.9 mmol) in dry THF (10 cm 3 ). After stirring for a further 12 h the mixture was added to water (100 cm 3 ) and extracted with diethyl ether (2 × 100 cm 3 ) and ethyl acetate (2 × 200 cm 3 ). The combined extracts were washed with water (100 cm 3 ), dried and evaporated to give a red oil which crystallised on cooling with dry ice to give a red-brown crystalline solid. This was recrystallised from ethyl acetate to give the product ( Methoxy-2-thienyl)(3-(5-methyl-2-thienyl) 
[(3-
[(4-Methoxy-3-thienyl)(3-phenylpropenoyl)methylene]triphenylphosphorane 29
This was prepared as in 2.4.5 using (4-methoxy-3-thienylmethyl)triphenylphosphonium chloride 28 (5.0 g, 11.8 mmol), butyllithium in hexanes (4.7 cm 3 , 2.5 M, 11.8 mmol) and 3-phenylpropenoyl chloride (0.98 g, 5.9 mmol) to give a yellow crystalline powder which was recrystallised from ethyl acetate to give the product (2.24 g, 73%) as yellow prisms, mp 238-240 ºC (dec. 
Preparation of Methylthienylacryloyl Ylides
3-(3-Methyl-2-thienyl)propenoyl chloride 33
[(3-(3-Methyl-2-thienyl)propenoyl)(2-methylthiophenyl)methylene]triphenylphosphorane 35
A suspension of (2-methylthiobenzyl)triphenylphosphonium bromide 31 ( 
[(3-(3-Methyl-2-thienyl)propenoyl)(2-methoxyphenyl)methylene]triphenylphosphorane 34
This was prepared as in 2. 
[(3-(3-Methyl-2-thienyl)propenoyl)(2-trideuteriomethoxyphenyl)methyl-
2.6
Pyrolysis of Methylthienylacryloyl Ylides
FVP of [(3-(3-methyl-2-thienyl)propenoyl(2-methoxyphenyl)methylene]triphenylphosphorane 34
FVP of the title compound (0.5 g) at 800 ºC and 5.0-7.0 × 10 -2 Torr gave a brown oily solid at the furnace exit. Column chromatography of this using diethyl etherhexane (1:9) as eluant gave a yellow oil. GCMS, 1 H NMR, 13 C NMR and HRMS analysis indicated a mixture of three main products; 1. 
FVP of [(3-(3-methyl-2-thienyl)propenoyl)(2-methylthiophenyl)methyl-
ene]triphenylphosphorane 35 FVP of the title compound (0.5 g) at 800 ºC and 2.0-7.0 × 10 -2 Torr gave a brown oily solid at the furnace exit. Column chromatography of this using diethyl etherhexane (1:9) as eluant gave a yellow oil. GCMS, 1 H NMR, and 13 C NMR analysis suggested a mixture of three main products: 1. 
FVP of [(3-(3-methyl-2-thienyl)propenoyl)(2-trideuteriomethoxyphenyl)methylene]triphenylphosphorane 36
FVP of the title compound (0.5 g) at 800 ºC and 2.0-5.0 × 10 -2 Torr gave a brown oily solid at the furnace exit. Column chromatography of this using diethyl etherhexane (1:9) as eluant gave a yellow oil. GCMS, 1 H NMR, 2 H NMR and 13 C NMR analysis indicated a mixture of four products; 1. 5-benzylbenzothiophene 37 δ H 4.01 (2H, s, CH2); δ C 41.8 (CH 2 ); m/z 224 (M + , 100%). 
3
Results and discussion
Synthesis and FVP of simple methoxythenoyl ylides
A series of methoxythenoyl ylides 8-13 were readily prepared by acylation of either benzylidene-or 1-propylidene-triphenylphosphorane in THF with the appropriate methoxythenoyl chlorides (Scheme 3). While 3-methoxy-2-thenoyl chloride required for 8 and 9 [21] and 2-methoxy-3-thenoyl chloride required for 13 [22] have been previously described, 4-methoxy-3-thenoyl chloride required for 10 and 12, as well as its deuterium-labelled analogue required for 11, have not. They were prepared by treatment of the corresponding 4-methoxythiophene-3-carboxylic acids with thionyl chloride and obtained as low melting solids.
Scheme 3. Simple methoxythenoyl ylides prepared
The ylides 8-13 were obtained as high-melting crystalline solids which were stable on storage and showed the expected spectroscopic properties including 31 P NMR signals in the range +15.6-17.3 ppm and 13 C NMR spectra with phosphorus coupling extending throughout the P-phenyl groups, the oxo ylide function and to at least the first carbon of both Ph/Et and thienyl groups. Importantly for the planned extrusion of Ph 3 PO under FVP conditions, the value of the phosphorus coupling to the carbonyl group, 2 J p-CO was 6-8 Hz, meaning that the extrusion should proceed readily since we recently showed [28] an empirical correlation with a cut off of 10 Hz.
The expected process upon FVP of ylides 8 and 9 (Scheme 4) involves cyclisation of the alkyne-containing thienyloxy radical to give the thieno[3,2-b]furyl radical which then gives an isolable product in which the substituent may be the same or different. According to our previous work [29, 30] , ylides with R = Ph should give the furan product with R 1 = Ph by simple hydrogen atom abstraction from the environment, while for R = Et, the main product should be R 1 = vinyl formed by intramolecular hydrogen atom abstraction and loss of H
• .
Scheme 4. Expected mechanism of formation of thieno[3,2-b]furans
For the ylides 8 and 9 and also the isomeric system 12, FVP at 800 °C resulted in complete reaction to give, after chromatographic separation of Ph 3 PO, heterocyclic products with the expected thienofuran structures (Scheme 5). In the case of 8, the product was fully characterised as 2-phenylthieno[3,2-b]furan 14 formed in moderate yield. It should be noted that there is a single literature report of this compound [31] , but the spectroscopic data given there appears to be erroneous, particularly the absence of the expected two 13 C NMR signals above 150 ppm for the quaternary carbons directly attached to oxygen which for our product appeared at 158.0 and 157.8 ppm.
Scheme 5. FVP of ylides 8, 9 and 12 to give thienofuran products To our surprise, the phenyl ylide 10 with the structure analogous to 12, behaved in a completely different way. Initial FVP at 800 °C led to formation of Ph 3 PO but the other products were clearly not the expected thienofuran and could not be immediately identified. For this reason, FVP at the lower temperature of 725°C was examined and the deuterium labelled analogue 11 was also prepared. Chromatographic separation of the product mixture obtained at 725 °C (Scheme 6) gave the alkyne 20 expected from extrusion of Ph 3 PO, together with 2-phenyl-3-vinylthiophene 18 and 1-phenylbuta-1,3-diyne 19. The identity of the diyne was confirmed by excellent agreement of both 1 H and 13 C NMR data with reported values [23] . The isolation of alkyne 20 and the fact that it was converted into 18 and 19 upon being re-subjected to FVP at 800 °C strongly suggest that the first stage of the pyrolytic process is proceeding as expected and that compounds 18 and 19 are formed as a result of secondary pyrolytic breakdown of 20. 
Scheme 8. Suggested mechanism for formation of diyne 19
The formation of 18 is more surprising and harder to explain but a mechanism that is consistent with the deuterium labelling pattern of 22 is shown in Scheme 9. The key feature of this is isomerisation of the alkyne function in 21 (or 20) to a vinylidene, a well precedented process under these conditions [32] , and then triplet reactivity of this leading to a series of radical abstraction and rearrangement steps.
Scheme 9. Proposed mechanism for formation of labelled vinylthiophene 22
Finally, in this section, FVP of the ylide 13, isomeric with 8 and 10 did not lead to any useful products. There was extensive decomposition at 75 °C to give products including Ph 3 PO, Ph 3 P and Ph 3 PS together with biphenyl and dibenzothiophene.
Synthesis and FVP of methoxythienyl cinnamoyl ylides
Based on the encouraging cyclisation behaviour observed for ylides 8 and 9 and to a lesser extent 10 and 12, synthesis of extended analogues capable of domino cyclisation to give polycyclic products was now planned. Since 13 did not give good results, no extended ylides with the 2-methoxy-3-thienyl structure were examined.
In contrast to the simple ylides which could be prepared in one step from a commercial phosphonium salt and a thiophene-containing acid chloride, the extended ylides required the methoxythiophene group to be located in the phosphonium salt and thus involved multi-stage synthesis (Scheme 10). As we noted some time ago [24] , attempted lithium aluminium hydride reduction of methoxythiophene esters is not without complication. Any contact of compounds such as 23 with acid leads to oligomerisation so completely non-acidic conditions must be used. The readily available methyl 3-methoxythiophene-2-carboxylate [25] was thus reduced with a neutral/basic work-up [24] to give 23 and this was followed by combined chlorination and phosphonium salt formation, also under non-acidic conditions using Ph 3 P/CCl 4 . The resulting phosphonium salt 24 was then deprotonated and acylated with 0.5 equiv. of either cinnamoyl chloride or the thiophene-containing analogue [26] to give, respectively, ylides 25 and 26.
Scheme 10. Synthesis of extended methoxythienyl ylides 25 and 26
The ylide 29 with the isomeric structure was likewise prepared (Scheme 11) starting from methyl 4-methoxythiophene-3-carboxylate [20] by LiAlH 4 reduction under nonacidic conditions [24] to give 27, chlorination and phosphonium salt formation to give 28 followed by deprotonation and treatment with 0.5 equiv. cinnamoyl chloride. The three ylides 25, 26 and 29 were obtained as high-melting stable crystalline solids with values of 2 J P-CO of 8-9 Hz leading us to predict [28] successful extrusion of Ph 3 PO upon FVP. Unfortunately, however no useful products were obtained from FVP of any of the three ylides. In each case there was extensive decomposition in the range 700-750 °C with no identifiable heterocyclic products obtained.
Synthesis and FVP of methoxythienylacryloyl ylides
In a previous study, ylides bearing a 2-methylcinnamoyl group were found to give rise to naphthalenes upon FVP in a process involving incorporation of the methyl group into a benzene ring at the stage of the 2-methylstyrylalkyne [33, 34] . In a single example the same reaction was also observed for a thiophene analogue. We wanted to see whether this behaviour could be combined with benzofuran or benzothiophene formation in a single domino cyclisation process and so designed the ylides 34 and 35 containing both the required features. The new acid chloride 33 was first prepared by treating the corresponding acrylic acid [27] with oxalyl chloride and fully characterised. This was then used to acylate the ylides derived by treatment of phosphonium salts 30 and 31 with butyllithium to give 34 and 35 respectively Scheme 12). In order to elucidate the unexpected pyrolysis behaviour, the deuterium-labelled salt 32 was similarly used to generate the labelled ylide 36. All three ylides were formed in excellent yield as stable solids and the 2 J P-CO values of 5-6 Hz again suggested successful thermal extrusion of Ph 3 PO [28] .
Scheme 12. Synthesis of 3-methyl-2-thienylacryloyl ylides 34-36
In the event, FVP of both the OMe ylide 34 and the SMe ylide 35 led to complete reaction at 800 °C and, most surprisingly, the products were the same in each case (Scheme 13). Chromatographic separation of Ph 3 PO left a mixture containing 5-benzylbenzothiophene 37, 5-(α-methylbenzyl)benzothiophene 38 and fluoreno [3,4-b] Interestingly two of these products, 37 and 39 were formed in our previous work [34] by FVP of the ylide with the same structure as 34 or 35 but with XMe replaced by H. The spectroscopic data obtained in the two studies were identical. Since, in addition to explaining the formation of 37 and 39 here, we have to explain the disappearance of the XMe group and also the appearance of the extra methyl group in product 38 the FVP result starting with the deuterium-labelled ylide 36 was of great interest.
Scheme 14. FVP of deuterium-labelled ylide 36
When this was performed, it gave a clear result (Scheme 14): the same three products were formed as for the unlabelled compound and by a combination of 1 H, 2 H and 13 C NMR and GCMS analysis, it was determined that 5-benzylbenzothiophene 37 was partly monodeuterated at the benzylic position (40), the tetracyclic product 39 was unlabelled and the 5-(α-methylbenzyl)benzothiophene was fully trideuterated, i.e. 41.
Our proposal for the mechanisms involved which is supported by the deuterium-labelling results (Scheme 15) starts with extrusion of Ph 3 PO and formation of a thienylmethyl radical which can undergo cyclisation to form 42 already containing the carbon skeleton required for products 37 and 39. However, in contrast to the previous study, this intermediate now has the OMe/SMe group ideally placed to suffer an intramolecular hydrogen atom abstraction, thus setting in motion a series of steps that ultimately results in loss of the XMe group most likely as CH 2 X, either formaldehyde or thioformaldehyde. The possibility of 1,3-hydrogen shifts may be used to explain the partial loss of the deuterium atom from the benzylic position. It should be noted that such loss of a methoxy group to be replaced by hydrogen was previously observed in our earlier studies on benzofuran and benzothiophene formation [9] . Once this group is lost formation of products 37 and 39 is readily explained. The only reasonable source of the methyl group in product 38 is from the original OMe or SMe group of the ylides and this was confirmed by the formation of the trideuteriomethyl compound 41 from ylide 36. Although such an intramolecular process seems inherently unlikely in the gas phase, it has good precedent in this area of work with the formation of benzofuran bearing a 2-CH 2 CD 3 group from a range of OCD 3 -containing ylides that gave rise to a benzofurylmethyl radical intermediate [29, 30] . Once the new methyl group has been attached, reactivity is restored to the benzylic centre by formation of a stable radical in order to promote the loss of the adjacent XMe group as before to produce 38.
Scheme 15.
Proposed mechanism for FVP of 34 and 35 to give 37, 38 and 39
Conclusion
While the studies on FVP of simpler methoxythienyl ylides 8, 9 and 12 led to successful formation of the expected thienofuran products, the approach clearly has limitations with the isomeric ylide 13 affording no fused ring product and ylide 10 closely related to 12 giving a completely different and unexpected result which is nonetheless of significant mechanistic interest. Attempts to capitalise on these promising findings by moving to more extended ylides such as 25, 26 and 29 unfortunately met with failure. The ylides were successfully prepared and characterised but gave no useful products upon FVP probably due to the increased fragility of their structures under the relatively harsh conditions required for reaction. The two ylides 34 and 35, where two competing thermal cyclisation processes are possible, unexpectedly underwent benzothiophene formation based on cyclisation of the thienylmethyl group with complete loss of the normal cyclisation-initiating groups OMe and SMe, thus giving some idea of the relative ease of these two competing processes. 
